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Four random copolyesters were synthesized by the polycondensation
technique. The first copolymer, poly[oxy(2-bromo-l,4-phenylene)oxy-
terephthaloyl-co-oxy(2,2'-biphenylene)oxyterephthaloyl], PU1, was made
by polyesterification of o,o'-biphenol, bromohydroquinone and tere
phthaloyl chloride in a molar ratio of 2:1:3. Bromohydroquinone was
substituted by phenylhydroquinone in the preparation of PU2. All
other conditions remained the same. No remarkable differences were
found between PU1 and PU2 in thermal properties.
PU3 and PU4 followed similar synthetic routes. In the synthesis
of PU3, bromohydroquinone, terephthaloyl chloride, and 1,4-phenylenedi-
acetyl chloride were reacted in a molar ratio of 2:1:1. Chloro-
substituted hydroquinone was used in the making of PU4.
The polymers were characterized by IR and NMR spectroscopy,
solubility, DSC, optical polarizing microscopy, GPC and viscometry.
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The study of polymer systems and liquid crystalline, properties
in these systems has been of great technological importance. Activity
in the field of liquid crystal polymers is growing rapidly. There
has been escalating interest in liquid crystalline systems due to
their unique properties. The liquid crystal state possesses the
properties of both solid and liquid states, being intermediate between
the two in its properties.* Thus, liquid crystals are condensed
fluids with spontaneous anisotropy. They combine a short range order
characteristic of solids with the ability to form a fluid phase while
exhibiting properties which are non-existant in solids and liquids.
Liquid crystals have a wide range of applications. They have
been used as fibers because fibers from some rigid chain liquid
crystals possess ultra-high specific strengths and moduli. Liquid
crystals have been used, therefore, in place of steel and glass where
specific strength and modulus are of essence. A testimony to this is
the use of those polymers in space technology and even common household
appliances.
Liquid crystals are unusual in that, among other things, as
fluids they have the ability to sustain shear and transmit a
distortion. There exists no counterpart of this elastic phenomenon
in normal liquids.* In true solids, the elastic moduli are high and
deformations are strongly resisted. Liquid crystals are highly
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anisotropic fluids that exist between the boundaries of the solid and
conventional isotropic liquid phase. The phase is a result of long
Scheme 1. Thermal Transformation of a Liquid Crystal
Solid v ., — Liquid Crystal v. . — Isotropic Liquid
cool cool
range orientational ordering among constituent molecules that occurs
within certain ranges of temperature in melts and solutions of many
organic compounds. As in Scheme 1, the heated solid is transformed
to a fluid-like turbid system which exhibits birefringence. On
continuous heating, the birefringent melt changes to an isotropic
liquid. Scheme 1 illustrates that the processes reverse upon cool
ing. However, the isotropic liquid phase may go into decomposition
if excessively heated. Decomposition may also occur in the liquid
crystal phase. Some mesophases are formed only when the isotropic
phase is super-cooled; thus referred to as monotropic phased Liquid
crystals are in thermodynamic equilibrium over wide temperature ranges
and undergo well defined phase changes. These phases, termed thermo
dynamic phases, are known as nematic, smectic, and cholesteric.
In the nematic phase, the molecules maintain a parallel or
nearly parallel arrangement to each other (Figure 1). There is a
high degree of long-range orientational order of the molecules but no
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translational order. They are mobile in three directions and can
rotate about one axis. The preferred direction (n) in space is
arbitrary. It is influenced by external forces such as magnetic and
electric fields.^>4
In the smectic phase, the molecules are arranged in stratified
fashion. The molecules are arranged in layers (Figure 2), their long
axes lie parallel to each other in the layers, to the plane of the
strata. The molecules can move in two directions in the plane and
can rotate about one axis. There are different types of smectic
liquid crystalline phases.5 These smectic phases may be grouped as
A, B, or C. Smectic B has long-range molecular order and forms a
regular two dimensional lattice. The unstructured smectics have
their molecules packed in layers. In smectic A or C, there is a
random arrangement of the molecules in each layer.
The cholesteric nematic liquid crystals form a sub-class within
the nematic liquid crystal and have structured resemblance to the
nematic liquid crystal (Figure 3). They exhibit a helical twist
about an axis perpendicular to the plane . In this phase, the mole
cules are packed in layers of about 2000 A thick while the smectic
o
phase has a thickness of only about 20 A.
The other class of liquid crystals different from the thermo-
tropic liquid crystals already discussed are the lyotropic liquid
crystals. The lyotropic liquid crystals are made up of two or more
components. One of these components may be water and the other an
amphiphile. The amphiphilic component contains a polar head which is
\l Vl
Fiqure 1. Structure of nematic phase.
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Figure 2. Structure of smectic phase.
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Figure 3. Structure of cholesteric phase.
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water-soluble attached to a long chain hydrocarbon. Most detergents
and soaps dispersed in water will form lyotropic liquid crystals.
These are illustrated in Figures 4 and 5. Several mespphases are
obtained as the water concentration is increased. These phases
possess both mobility and structural order. However, the use of
lyotropic liquid crystals has so far been limited to emulsion and
foam systems.
Liquid crystals are optically anisotropic. They transmit light
waves at different velocities in different directions. When they
are viewed between crossed Nicol prisms of a polarizing microscope,
colored bands are seen. In the cholesteric-nematic structure, color
changes correspond to changes in temperature. Due to this charac
teristic of liquid crystals, they have been extensively used in
display technology and even incorporated into paints. Liquid crystals
do respond to changes in the chemical environment.6'9 This be
havioral property is associated with living cells.10
An isotropic liquid and a body-centered cube (solid) are
illustrated in Figure 6 for comparison to the liquid crystalline
phases. The solid crystalline state has order in three dimensions.
However, the liquid crystalline state is more structured than the
liquid state, but less structured than the solid state.
Some molecular structural requirements are necessary to observe
liquid crystallinity in polymers systems.11 Most liquid crystals
with benzene ring backbone are rigid, linear, elongated, planar and
Water-
Fiqure 4. Lamella phase of soaps.
Figure 5. Middle phase of soaps.
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(b)
Figure 6. Representation of (a) isotropic liquid, (b) body-centered
cubic solid.
polarizable. A generalized structural model of an aromatic compound
with liquid crystalline behavior is shown in Figure 7.
Figure 7. Generalized structural model of a liquid crystal
The functionalities X and Y that do not broaden the width of the
molecule are suitable for attaining liquid-crystallinity. The central
units (A-B) may possess multiple bonds for rigidity and yet maintain
linearity to enhance the liquid crystallinity of the molecule. An
increase in a or b or both such that the length of the molecule is
large compared to the diameter, assuming cylindrical geometry, equal
ly enhances the liquid crystalline properties.
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The preparation of aromatic polyesters has been done using mono
mers that are bifunctional. This is in accordance with Carother's
rule of monomer functionality. This rule states that linear poly
mers are formed only if the monomers are bifunctional.12
Polymers may be homopolymers if they contain one type of repeat
unit or copolymers if they consist of more than one repeat unit.
Copolymers may have the repeat units in random order ( ABBBAABAA ),
in blocks ( AAAABBBB ), or units may be alternating
(...ABABABAB...).
The synthesis of liquid crystalline copolymers has been carried
out through various routes.^3"15 The objective of this work was
to synthesize and characterize random copolyesters which were expected
to show liquid crystalline properties; and whose molecular architec
ture should be within practical conditions for industrial processing
and scientific investigation.16-20 Using condensation polymeri
zation, the random copolyesters of interest were synthesized.^
EXPERIMENTAL
Inherent viscosities were measured at 30°C with a Cannon-Fenske
Viscometer at concentrations of 0.5 g/100 mL in o-chlorophenol.
Thermal properties were determined under a nitrogen environment with
DuPont 910 differential scanning calorimeter. Polarizing optical
microscopy was carried out on a Leitz Laborlux 12 Pol microscope with
a Leitz 350 heating stage. Infrared spectra were obtained on KBr
discs with a Nicolet 5DXB FTIR spectrometer. 13C NMR spectra were
obtained with a Bruker MSL-200 spectrometer.
Proton NMR spectra of PU1, poly[oxy(2-bromo-l,4-phenylene)oxy-
terephthaloyl-co-oxy(2,2'-biphenylene)oxyterephthaloyl] and PU2, poly-
foxy (2-phenyl-l, 4-phenylene)oxyterephthaloyl-co-oxy (2,2'-biphenylene)-
oxyterephthaloyl] were obtained in deuterated chloroform with a WM-250
Bruker multinuclear NMR spectrometer. The proton NMR spectra of PU3,
poly[oxy(2-bromo-l,4-phenylene)oxyterephthaloyl-co-oxy(2-bromo-l,4-
phenylene)oxy-l,4-phenyldiacetoyl] and PU4, poly[oxy(2-chloro-l,4-
phenylene)oxyterephthaloyl-co-oxy(2-chloro-l,4-phenylene)oxy-l,4-
phenyldiacetoyl] were obtained in DMSO with the WM-250 Bruker NMR
spectrometer. The chemical shifts are reported relative to tetra-
methylsilane as an internal standard.
Melting points were determined on the Thomas Hoover Capillary
melting point apparatus. Elemental analysis data were provided by
Galbraith Laboratories and Atlantic Microlab, Inc. Molecular weight




The solvent used in the polyesterifications, o-dichlorobenzene,
was purified by distillation and stored over molecular sieves. 0,0'-
Biphenol was recrystallized from 1-butanol. Terephthaloyl chloride
was recrystallized from dry hexane. Chlorohydroquinone, bromohydro-
quinone, and phenylhydroquinone were all recrystallized from dry
chloroform. 1,4-Phenylenediacetyl chloride was made from its acid
form which was commercially available.




In a clean dry 250 ml three-necked round bottom flask fitted
with a potassium hydroxide trap condenser, and a magnetic stirrer
was placed 26 g (0.124 moles) of phosphorus pentachloride, and 75 mL
dry ethyl ether. Into this mixture was added 10 g (0.0620 moles) of
1,4-phenylenediacetic acid. It was refluxed, followed by cooling. By
use of a rotavapor (R-282254), the solvent, ether, and phosphorus
oxychloride were removed. Upon cooling, the remaining traces of
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of phosphorus oxychloride were removed by a vacuum pump. The acid
chloride was recrystallized twice in dry hexane and dried under vacuum
for 24 hr at 30°C. The melting point and IR spectrum were taken to
confirm the structure of the product.
Preparation of PU1. Po1vroxv(2-bromo-1.4-phenvlene)oxvterephthalov1-
co-oxvf2.2'-biphenviene)oxvtereDhthal ovil
A 250 mL three-necked round bottom flask, equipped with a magne
tic stirrer, a thermometer, a nitrogen inlet, a reflux condenser and
a potassium hydroxide trap was charged with 6.73 g (0.0303 mol) of
bromohydroquinone, 11.3 g (0.0606 mol) of o,o'-biphenol, 18.5 g
(0.0909 mol) of terephthaloyl chloride and 200 mL of dry o-dichloro-
benzene. The mixture was refluxed for 12 hr.
After cooling, the polymer solution was precipitated in hexane
and allowed to stand for 48 hr. The hexane was decanted and the
polymer was soaked in acetone for 12 hr. It was then filtered and
washed with methanol, and finally washed several times with deionized
water. The polymer was then dried under vacuum at 100°C for 48 hr.
The product obtained weighed 31.8g.
Preparation of PU2. Polvroxv(2-phenvl-1.4-phenvlene)oxvterephtha1ovl-
co-oxy(2,2/-biphenvlene)oxvterephthalovll
To a 250 mL three-necked round bottom flask, equipped with a
magnetic stirrer, a thermometer, a nitrogen inlet, a reflux condenser
and a potassium hydroxide trap was added 5.64 g (0.0303 mol) of
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phenylhydroquinone, 11.3 g (0.0606 mol) of o,o'-biphenol, 18.5 g
(0.0909 mol) of terephthaloyl chloride and 200 mL of dry o-dichloro-
benzene. The mixture was refluxed for 12 hr at 178°C.
The polymer solution was cooled and precipitated in hexane for
48 hr. The hexane was decanted and the polymer was allowed to stand
in acetone for 14 hr. It was filtered and washed with methanol and
finally rinsed with deionized water several times. It was then
dried under vacuum for 48 hr at 100°C. This dry product weighed
30.7 g.
Preparation of PU3, Polvroxv(2-bromo-l,4-phenvlene)oxvterephthalov-
co-oxv(2-bromo-l,4-phenvlene)oxv-l,4-phenv1diacetvon
To a 100 mL three-necked round bottom flask, equipped with a
magnetic stirrer, a thermometer, a nitrogen inlet, a reflux condenser
and a potassium hydroxide trap was added 1.52 g (0.008 mol) of bromo-
hydroquinone, 0.82 g (0.004 mol) of terephthaloyl chloride, 0.93 g
(0.004 mol) of 1,4-phenylenediacetyl chloride and 40 mL of dry o-
dichlorobenzene. The mixture was refluxed for 14 hr at 178°C.
The polymer solution was cooled and precipitated in acetone for
24 hr. The acetone was decanted and the polymer allowed to stand in
fresh acetone for 12 hr. It was then washed several times with more
acetone and finally with deionized water. The polymer was filtered
and dried under vacuum for 48 hr at 100°C. The product obtained
weighed 1.37 g.










Preparation of PU4, Polv|"oxv(2-ch1oro-1.4-phenv1ene)oxvterephtha1ov1-
co-oxv(2-ch1oro-1.4-phenv1ene)oxv-lt4-pheny1diacetovn
To a 100 mL three-necked round bottom flask, equipped with a
magnetic stirrer, a thermometer, a nitrogen inlet, a reflux condenser
and a potassium hydroxide trap was added 1.04 g (0.0072 mol) of
chlorohydroquinone, 0.73 g (0.0036 mol) of terephthaloyl chloride,
0.83 g (0.0036 mol) of 1,4-phenylenediacetyl chloride and 40 mL of
dry o-dichlorobenzene. This was refluxed at 178°C for 14 hr.
Upon cooling, the solution was precipitated in acetone for 24
hr. The acetone was then decanted. Additional acetone was added
and the polymer allowed to stand in it for 12 hr. It was washed
with additional amounts of acetone and finally with deionized water.
The polymer was then filtered and dried under vacuum for 48 hr at
100°C. The dried product weighed 1.12 g.





Similar synthetic routes were used for all the copolyesters.
Molar ratios are the same for PU1 and PU2. PU3 and PU4 had the same
molar ratios. The syntheses of all the random copolyesters were
designed to liberate HC1 (g) as a by-product. The greater reactivity
of the acid chlorides over the corresponding acids resulted in their
use in this work. We were forced to make one of our acid chlorides
since it was not possible to obtain it commercially.
Characterization
The copolymers were characterized by solubility, solution vis
cosity, elemental analysis, and spectroscopic techniques (FTIR,
proton, and carbon-13 NMR). The thermal analysis data were obtained
by DSC and optical polarizing microscopy. The copolymers PU1 and
PU2 were characterized by gpc in addition.
Characterization of the monomers was achieved by FTIR spectro-
scopy and melting point detection.
Elemental Analysis
The elemental analysis results were as follows: Anal, calcd for
PU1, (C2oHi204)(C14H704Br): C, 64.26; H, 2.99; Br, 12.58. Found:
C, 67.15; H, 3.06, Br, 8.36. Apparently the random copolyester con
tained a larger number of oxy(2,2'-biphenylene)oxyterephthaloyl
19
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units along the chain compared to oxy(2-bromo-l,4-phenylene)tereph-
thaloyi) units. Anal, calcd for PU2, (C20H12O4MC20H12O4):
C, 75.95; H, 3.80. Found: C, 76.13; H, 3.88. Anal. calcd for
PU3, (C14H7O4Br)(C16H11O4Br): C, 54.03; H, 2.72; Br, 23.99.
Found: C, 53.12; H, 2.67; Br, 23.86. Anal, calcd for PU4,
(C14H704C1)(C16Hn04Cl): C, 62.41; H, 3.14; Cl, 12.28. Found: C,
61.13; H, 3.13; Cl, 13.89.
Solubility
The random copolyesters, PU1 and PU2 are completely soluble in
THF (tetrahydrofuran) and chloroform at room temperature. PU3 and
PU4 are soluble in DMSO, trifluoroacetic acid, and o-chlorophenol.
Inherent Viscosity
The inherent viscosity values were obtained for PU3 and PU4 in
o-chlorophenol in grams per deciliter (g/dL) at 30°C. The values
were .853 for PU3 and .238 for PU4. The value obtained for PU3
suggests that it has a higher molecular weight than PU4 since
viscosity increases with increasing molecular weight for similar
systems.
Gel Permeation Chromatography
The molecular weights for PU1 and PU2 were obtained using THF
as solvent. These values are relative to polystyrene standards.
These molecular weights for PU1 were Mn = 6,403; Mw = 10,184; Mz =
21
15,131. The polydispersity index (Mw/^n) = 1.6. The values for
PU2 were Mn = 9,206; Mw = 16,882; Mz = 26,925. The polydispersity
index (Mw/Mn) = 1.8 for PU2.
The average molecular weight distributions are affected by
different molecular weight regions of a chromatogram. Effects in
the changes in the high molecular weight region of the chromatogram
are least on the Mn values and greatest on Mz values.
In general, a polymer with low number average molecular weight
(Mn) has better flow properties than another with a higher Mn.
However, higher Mn values are associated with high tensile strengths.
Fourier Transform Infrared Spectra Analysis
The FTIR spectra of PU1, PU2, PU3, and PU4 are shown in Figures
8, 9, 10, and 11, respectively. The peak assignments are given in
Tables 1, 2, 3, and 4, respectively.
All the polymers showed peaks at 1600, 1460, and 1420-1400
(aromatic nuclei), 1730-1745 (ester C=0 stretch), 1235-1240 (C-0
stretch), and 3400-3500 cm"* (0-H strech), possibly indicating the
presence of water vapor or that the polymers were capped with
dihydroxy end groups. PU1, PU3 and PU4 showed strong peaks at 720
cm"* confirming halogen substituted aromatic out-of-plane bending
from the chlorine and bromine substituents.
Nuclear Magnetic Resonance (NMR) Analysis
The proton NMR spectra of PU1, PU2, PU3, and PU4 are presented
in Figures 12, 13, 14, and 15, respectively.
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Figure 8. IR spectrum of PU1.
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Table 1. Absorption Peaks and Assignments for Poly[oxy(2-bromo-
l,4-phenylene)oxyterephthaloyl-co-oxy(2,2'-biphenylene)oxy-
terephthaloyl], PU1



















































3rd Ed., Allyn and Bacon, Inc.: Boston, 1973;
Chapter 13.
2) Pavia, D.L.; Lampman, G.M.; Kriz, G.S. "Introduc
tion to Spectroscopy," Sauders: 1979; Chapter 2.
3) Bellamy, L. J. "The Infra-red Spectra of Complex
Molecules," Chapman and Hall: 1975; Chapters 5
and 19.
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Reference: See Table 1.
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Reference: See Table 1.
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Table 4. Absorption Peaks and Assignments for Poly[oxy(2-chloro-
l,4-phenylene)oxyterephthaloyl-co-oxy(2-chloro-l,4-phenylene)oxy-l,4-
phenyldiacetoyl], PU4






































Reference: See Table 1.
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Figure 15. *H NMR spectrum of PU4.
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The proton NMR spectra of PU1 and PU2 showed only aromatic
protons between 7.0 and 8.4 ppm. The miniature peaks in the methy-
lene region of the spectra (1.5-4.5) are due to contamination from
tetrahydrofuran. The aromatic protons of the terephthaloyl group are
indicated at the 8.4 ppm region. In addition to the aromatic protons
at the region between 7.0 and 8.4 ppm, the spectra for PU3 and PU4
showed peaks at 4.0 ppm. These are the methyl protons in the polymer.
The peaks at 2.5 and 3.4 ppm are solvent peaks of DMSO.
The carbon-13 solid state NMR spectra of PU1 and PU2 are shown
in Figures 16 and 17, respectively. The spectra showed broad peaks
between 110 and 140 ppm. These are assigned to the aromatic
carbons. The peaks between 140 and 160 ppm are assigned to the
carbons adjacent to oxygen in C-0 bonds, while the peaks between 160
and 175 ppm are assigned to the carbonyl carbons.
Polarizing Optical Microscopy
All the polymers were carefully observed under the polarizing
optical microscope. PU1 and PU2 showed similar behaviors upon
heating. They showed a melting temperature at about 130°C and
quickly went into the isotropic phase without any observable transi
tion to a birefringent phase. They started decomposing at about
300°C.
PU4 showed a birefringent and isotropic biphase. The isotropic
phase flows at a temperature of about 220°C. At about 250°C with
vigorous shearing, the liquid crystalline phase may be converted to
















































































































Figure 17. 13C NMR spectrum of PU2.
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biphasic distribution is attributed to a broad molecular weight
distribution in the polymer system. PU3 started glowing at about
145°C. At about 180°C, intense colored bands appeared. These colors
became more intense with increasing temperature and shearing. No
signs of decomposition were observed at a temperature of 340°C.
Figure 18 represents the optical micrographs of PU3 at temperatures
of 180 and 340°C. In Figure 19, the optical micrographs of PU4 at
temperatures of 220 and 250°C are represented.
Differential Scanning Calorimetrv
The DSC thermographs of PU1, PU2, PU3, and PU4 are shown in
Figures 20, 21, 22, and 23, respectively. The DSC thermogram of PU1
showed an endotherm at 142°C. This is possibly the glass transition
(Tg). PU2 showed an endotherm at 145°C which is possibly the melting
temperature. PU3 showed endotherms at 132 and 168°C, corresponding
to the glass transition (Tg) and crystal to nematic transition, (Tq^).
PU4 showed endotherms at 105 and 130°C, likely the Tg and TCN,
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We have successfully synthesized four copolyesters. Optical
polarizing microscopy studies indicated that PU3 and PU4 formed
liquid crystals melts. The observed behavior of PU3 under the
polarizing microscope distinguishes it as a liquid crystal polymer
with high industrial potential.
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